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1 . Introduction 
Knowledge of the reactions leading to production 
of oxygen by green plants and algae has expanded in 
the past several years through measurements of O2 
flash yields [l-3] , fluorescence changes [4-61, H’ 
production [7], and absorbance changes [8,9]. Most 
of these observations provide only indirect measures 
of the Oa producing reactions, and interpretation of 
the results can be difficult. Direct observation of the 
components involved in the reactions leading to the 
oxidation of water would greatly facilitate progress in 
this area of research. 
Recently experiments performed by Chen and 
Wang [IO] and Babcock and Sauer ] 11-l 31 have 
focused attention on an EPR Signal II component 
that is observed upon the inhibition of Oa evolution. 
This component, which has been designated Signal IIf, 
is stoichiometric with P700 and is formed with high 
quantum efficiency in less than 500 ~.ls following a 
flash. On the basis of these results, coupled with 
potentiometric evidence indicating that the reduction 
potential of the radical is high (Em > + 0.5 V), it was 
proposed that Signal IIf arises from Z.‘, the electron 
donor to Photosystem II (PS II) [ 121. Upon inhibition 
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of oxygen evolution the rapid reduction of Z.’ is 
retarded, and the radical intermediate can be observed 
with conventional EPR methods. 
In this communication we report an EPR transient 
with a spectrum similar to Signal II which is observed 
in Oa -evolving spinach chloroplasts at room temperature. 
We interpret this transient as arising from the electron 
donor to PS II. 
2. Materials and methods 
Broken spinach chloroplasts were prepared as 
previously described [ 141. Identical results for an 
experiment similar to that presented in fig.3 of this 
paper were obtained with three different isolation 
buffers: 0.4 M sucrose, 0.05 M HEPES, pH 7.6, 0.01 M 
NaCl; 0.4 M sucrose, 0.02 M Tricine, pH 7.2, 0.01 M 
KCI; or 0.4 M NaCl, 0.05 M phosphate, pH 7.6. Tris- 
washed and Tris-washed, reactivated chloroplasts were 
prepared as previously described [ 151. All samples 
contained 10m4 M NADP, 20 pg/ml ferredoxin, and 
10e3 M ascorbate. Chlorophyll content for all samples 
was 3-4 mg/ml. 
EPR measurements were made using a Varian E-3 
(X band, 9.3 GH) spectrometer. To improve the time 
response of the system, the signal from the E-3 detector 
preamplifier was processed with a Princeton Applied 
Research Model 210 selective amplifier and Model 220 
lock-in amplifier. The reference signal for the lock-in 
amplifier was the 100 KHz magnetic field modulation 
signal of the E-3. The response time of the system, 
measured by the rise of Signal I, was 100 ps. 
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Xenon flashes (10 ps at half height) were obtained tl ,2 of 700 ~.ls. Fig.1 b shows that no light-induced 
as described by Babcock and Sauer [ 161. The light signal is observed in the presence of DCMU. The DCMU 
was transmitted through a lucite light pipe 8 feet long sensitivity, plus the observation that off-resonance 
to minimize flash artifacts. The flash rate was 2 set-r controls also show no light-induced changes, demon- 
for all data shown. strate that the transient is not a flash artifact. 
The signal averaging system described by Babcock 
and Sauer [ 111 was used for all experiments except 
those presented in fig. 1, where a Nicolet NIC-80 
computer was employed. All experiments were carried 
out at room temperature. 
Fig.2 shows the spectrum of Signal II taken in the 
dark (curve 1); Signal I plus Signal II taken in continuous 
light (curve 2); and the transient signal observed in 
flashing light (dots). The spectrum of the transient 
signal resembles Signal II, and clearly differs from 
Signal I. 
3. Results 
Fig. 1 a shows a kinetic trace of a transient EPR 
signal observed at 3380 Gauss in untreated spinach 
chloroplasts. This field position corresponds to the 
low-field maximum of Signal II [ 17,181. The signal 
rises with the 100 ps time constant of the instrument, 
and decays by an apparent first-order process with a 
Fig.3 shows a comparison of Signal I and Signal II 
decay kinetics. The biphasic nature of P700 (Signal I) 
decay in this time regime has been observed optically 
by Haehnel et al. [ 191. The longer decaying component 
of Signal I, with tf I2 about 20 ms, is similar to that 
observed by other workers [8,20,21]. 
We conclude that the transient of fig.3b is a previous- 
ly unobserved kinetic component of Signal II in 
chloroplasts. Extending the kinetic notational scheme 
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Fig.1. Flash-induced change in EPR absorption at 3380 G in spinach chloroplasts at room temperature. a) untreated chloroplasts, 
b) chloroplasts plus 10.’ M DCMU. Each trace is the average of 4000 events, with the sample changed after 1000 flashes. Micro- 
wave power 20 mW, modulation amplitude 3.15 G. 
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Fig.2. Spectra of light-induced changes in EPR signals in chloroplasts. Spectrum 1 was recorded in the dark followed by spectrum 2 
in continuous light. The spectrum of the transient signal, represented by 0, was done point by point using flashing light and signal 
averaging. The transient spectrum was normalized to spectrum 1 at 3380 G. In the region where Signals I and II overlap, the 
different kinetic behavior of the two signals permitted determination of the contribution of each to the total signal. A fresh sample 
was used for each point. Each point is the average of 1024 events. Microwave power 20 mW, modulation amplitude 6.3.G. For 
spectra 1 and 2, time constant 0.3 s, scan rate 25 G/min. 
for PS II radicals of Babcock and Sauer [ 121, we 
designate this transient Signal IIvf (very fast). 
Quantitative comparison of Signal II vf with Signal I 
using the data of fig.3 indicates that Signal IIvf/Signal I 
= 1 .l + 0.2. The method used is a modification of that 
of Warden and Bolton [22] . Since Signal II does not 
have a Gaussian lineshape, it was necessary to determine 
empirically a proportionality constant between the 
Signal II amplitude at the derivative maximum and the 
area of Signal II as measured by double integration. 
The method of Warden and Bolton was used to 
determine the area of Signal I from the flash induced 
response. Assumptions implicit in this technique are 
that Signal I is Gaussian in shape and that Signal IIvf 
has the same spectrum as the Signal II species seen in 
the dark. 
From the data presented so far it is difficult to 
know whether Signal IIvf arises from the donor or 
acceptor side of Photosystem II. As considered in the 
Discussion, the rate of subsequent reduction of the 
oxidized electron donor to PS II may be very similar 
to the rate of oxidation of the reduced primary electron 
acceptor. The initial reduction of the acceptor Q is 
much faster (< 1 ps) than the oxidation of the donor 
Z (35 ~.ts) [23]. Unfortunately, the response time of 
our EPR instrument is not fast enough to distinguish 
between these two possibilities, so an indirect method 
was used to assign Signal IIvf. 
Babcock and Sauer [ 1 l-l 31 showed that Signal II 
exhibits a rapid (< 500 ps) rise and relatively rapid 
(0.5- 1 s) decay in Tris-washed chloroplasts. The 
addition of Mn2+ decreased the magnitude of this 
kinetic component, called Signal IIf (fast), presumably 
by direct donation to the oxidized reaction center, 
P680’ [ 131. 
Fig.4 shows the result of an experiment using 
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Fig.3. Flash-induced change in EPR Signal I (curve a) and Signal II (curve b). The magnetic field was 3391 G for Signal I and 
3379 G for the Signal II transient. Curve b was recorded on a four times more sensitive scale than curve a. Each curve is the average 
of 1024 events. Microwave power 20 mW, modulation amplitude 3.15 G. 
Tris-washed chloroplasts. Curve a shows the light-induced 
response of untreated chloroplasts, where only the 
700 /.JS EPR component is observed. Curve b shows the 
light-induced response of Tris-washed chloroplasts, 
where only an EPR signal decaying in 0.5-l s is 
observed. The rise occurs in < 100 ps; previous 
measurements were instrument-limited at 500 ~_ls. 
Curve c shows the response of Tris-washed chloroplasts 
to which 10e3 M Mn*+ has been added. No light-induced 
change is observed. This result supports assignment of 
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Signal IIvf to the donor side of PS II, as considered in 
greater detail in the Discussion. 
Fig.5 shows a comparison of the Signal II response 
in untreated, Tris-washed, and Tris-washed, reactivated 
chloroplasts. The untreated sample shows a typical 
Signal IIvf response, and the Tris-washed sample a 
typical Signal IIf response. The Tris-washed, reactivated 
sample shows a response similar to that of the untreated 
sample, only the decay kinetics of Signal IIvf are 
somewhat slower (1 ms vs. 500 ~_ls in the untreated sample). 
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Fig.4. Flash-induced changes in EPR signals at 3382 G. a) Untreated chloroplasts; b) T&washed chloroplasts plus low4 M EDTA; 
c) T&-washed chloroplasts plus 10e3 M Mn*+. Each curve is the average of 1024 events. Microwave power 100 mW, modulation 
amplitude 5.0 G. 
4. Discussion P680 Q -h”-> P680*Q -‘-1-E%> P68O+Q- (1) 
The primary photochemistry of Photosystem II and 
secondary electron transfer reactions leading to the 
evolution of O2 by green plants and algae comprise 
one of the most interesting and yet one of the least 
understood aspects of photosynthesis. For reviews, 
see [8,9,24]. Our current concept of the reactions of 
Photosystem II centers around the reaction center 
chlorophyll, P680. After a photon is absorbed and 
transferred to the reaction center, P680 loses an electron 
and becomes P680+. The absorption change resulting 
from P680 oxidation occurs within 1 /JS following a 
flash [23]. 
After the initial charge separation, further reactions 
occur to stabilize the oxidant and reductant. The first 
of these reactions is the reduction of P680’ by an 
unknown component usually called Z, the electron 
donor of PS II. Gliser et al. [23] have reported 
7 = 35 ps for P680’ reduction at room temperature. 
Z p(jf3O+Q- __%&> Z’p(j80 Q- (2) 
The redox state of the acceptor Q can be monitored 
by fluorescence measurements. If Q is oxidized, 
chloroplast fluorescence is low; but when Q is reduced, 
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Fig.5. Flash-induced changes in EPR signals at 3375 G. 
a) Untreated chloroplasts; b) Tris-washed chloroplasts; 
c) Tris-washed, reactivated chloroplasts. Each curve is the 
average of 1024 events. Microwave power 100 mW, modulation 
amplitude 5.0 G. 
chloroplast fluorescence is high [25]. This dependence 
of fluorescence on the redox state of Q appears to be 
valid only at times greater than lo-35 ps after a flash 
[4,5,26]. At shorter times the fluorescence behavior 
is very complex and does not seem to correlate with 
the redox state of Q. Zankel [4] and Mauzerall [5] 
have found the kinetics of oxidation of Q-to be 
biphasic, with components of 200 ~.ls and 2 ms. Earlier 
work by Forbush and Kok [27] gave a single decay 
time of 0.6 ms. 
X320, a component having a light-induced absor- 
bance change at 320 nm, has been observed by Stiehl 
and Witt [28] and Witt [29] and assigned as the 
primary electron acceptor to PS II. X320 has rise 
kinetics of <30 /..G and decay kinetics of 600 ~_ts. The 
reaction on the acceptor side is thus represented by 
Eq. 3. 
P680 Q-A _0.2&!?--> p(33() Q A- (3) 
The kinetics of the rate-limiting steps of O2 evolution 
have been studied using polarographic detection of O2 
produced in flashing light [ l--3,8] . The results indicate 
that PS II photochemistry is limited by dark reactions 
which occur with a halftime of 0.2-l ms in dark-adapted 
chloroplasts [2,3] or 0.6 ms in systems with a large 
number of previous flashes [8]. It is difficult to 
determine whether this rate-limiting reaction occurs 
on the donor or acceptor side of the photoact, since 
both the donor and acceptor must be restored to their 
original redox states before another flash can be 
effective. The time constant for the reduction of Z’ 
must therefore be less than about 1 ms. 
S Z’ P680 -_<lms.> S’Z P680 (4) 
The transient species reported in this communication 
has kinetic properties consistent with a location on 
either the donor or acceptor side of PS II. The results 
of fig.4 show that upon Tris-washing dramatic changes 
occur in the light-induced EPR signals observed in the 
magnetic field region of Signal II. The rapid (tt ,2 
= 700 ps) decay seen in untreated chloroplasts is about 
IOOO-fold slower (tl ,2 = 0.5-l s) in Tris-washed chloro- 
plasts. Addition of Mn’+ eliminates most of the light- 
induced change. 
If Signal IIvf arose from a species on the acceptor 
side of PS II, we would expect it to be still present in 
Tris-washed chloroplasts and not to be affected by the 
addition of exogenous Mn’+. Fig.4 shows that there is 
no very fast component of Signal II in Tris-washed 
chloroplasts and, furthermore, that the Signal IIf 
observed is abolished by added Mn*+. This is the 
expected result if Signal IIvf arises from the same 
species as does Signal IIf and Mn*’ competes with it 
as a donor to P680’ [13] . We tentatively conclude 
that Signal IIvf arises from Z, the electron donor to 
PS II. A definite assignment can best be made upon 
measurement of the rise time of the transient in 
untreated chloroplasts, avoiding the ambiguities 
associated with treated chloroplast systems. 
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The experiments shown in fig.5 are also consistent 
with the hypothesis of Babcock and Sauer [ 121 that 
Signal llf in Tris-washed chloroplasts is the electron 
donor to PS 11 with altered kinetics. Upon reactivation 
of O2 evolution Signal llvf returns and Signal llf 
disappears. The inverse correlation between Signal llf 
and 02’evolution has been described in earlier 
publications [ 11 ,151. Signal llvf appears to have a 
direct correlation with O2 evolution capacity. 
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